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Abstract: Seven water-soluble, tetradentate bis(3-hydroxy-N-methyl-pyridin-2-one) (bis-
Me-3,2-HOPO) ligands were synthesized that vary only in linker geometry and rigidity.
Solution phase thermodynamic measurements were conducted between pH 1.6 and pH
9.0 to determine the effects of these variations on proton and uranyl cation affinity.
Proton affinity decreases by introduction of the solubilizing triethylene glycol group as
compared to un-substituted reference ligands. Uranyl affinity was found to follow no
discernable trends with incremental geometric modification. The butyl-linked 4Li-Me-
3,2-HOPO ligand exhibited the highest uranyl affinity, consistent with prior in vivo
decorporation results. Of the rigidly-linked ligands, the 0-phenylene linker imparted the
best uranyl affinity to the bis-Me-3,2-HOPO ligand platform.

Introduction

The approach of rational ligand design towards targeted ion chelation seeks to match
ligand traits with the geometric and thermodynamic preferences of a target ion.!”!
Modifiable ligand properties include ligand geometry, hard/soft character of coordinating
atoms, ligand denticity, and geometric pre-organization. Optimization of these design
characteristics is observed in bacterial ferric ion shuttling mechanisms,” ¥ but is also
central to synthetic compounds applied in many different selective extraction/removal
applications such as heavy metal decorporation,” ® and iron overload treatment.!”"!
Applying rationally-designed ligands towards actinide science is of particularly great
interest as nuclear power becomes an attractive carbon-free energy alternative, and the
associated risk of environmental and biological exposure to actinides increases.

Unique to the early actinides is the class of linear dioxo cations (actinyls, AnO,"")
adopted by uranium, neptunium, and plutonium in their +5 or +6 oxidation states.
Actinyls pose an unusual challenge to the practice of rational ligand design because,
while they display hard Lewis acidity typical of the f-elements, they maintain near-
linearity in all their known complexes, with the largest distortions of just over 11°
occurring only in the presence of very sterically demanding ligands."” Unlike most
transition metal dioxo cations, ligands coordinate to actinyl cations almost exclusively in
a plane perpendicular to the An=0 bonds with deviations from this behavior again only
occurring in sterically congested complexes.''"! The equatorial coordination plane
displays little to no orbital-dictated directionality, with observed coordination geometries
ranging from trigonal- through hexagonal-planar, depending on ligand sterics and
chelating ability.'”>") Additionally, the terminal oxo atoms of the actinyl cations
(especially in their +6 oxidation state) display poor Lewis basicity, although they have
been observed to interact with metal cations in the solid state.['* % 120!

The uranyl cation (UO,*") is the most common actinyl species studied because
uranium is the second most abundant naturally-occuring actinide as well as the one most
frequently employed in nuclear power generation.”!! Additionally, the uranyl cation is
the most stable form for uranium in oxidizing environments or in vivo. Several different
approaches have been used to design uranyl-selective ligands; rigid poly-pyrrole
macrocycles have utilized their pre-arranged geometry to form planar uranyl chelates,'*”
apically-oriented molecules have introduced Lewis acids in the vicinity of one uranyl oxo
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[23- 24 while some fold-over macrocyles have achieved both these goals

[25, 26]

moiety,
simultaneously.

Significant effort has been dedicated towards the development of efficient uranyl
cation extraction agents for both analytical and industrial applications, but these studies
typically address low pH conditions typical of industrial metal separations
technologies.*” *) However, the rational development of biological decorporation agents
necessarily requires studying the efficacy of uranyl chelation at in vivo pH ranges which
are higher than those of industrial/remediation applications. Examples of biologically
relevant investigations include that of Czerwinski and co-workers that addresses uranyl
speciation with the naturally-occuring siderophore desferrioxamine (DFO)*” as well as
those by Durbin and co-workers that examine the in vivo decorporating ability of poly-
bidentate catecholamides and their structural analogs towards the uranyl and transuranic
cations.”"*¥ These latter studies revealed that 4- or 5-carbon linear linkers provided
optimal decorporating ability to poly-bidentate ligands, but the detailed thermodynamic
rationale for this result is relatively unexplored.

Recent work in our group has focused on optimizing the equatorial geometric
agreement between the uranyl cation and bis(3-hydroxy-N-methyl-pyridin-2-one) (bis-
Me-3,2-HOPO) ligands utilizing linker molecules of varying geometries.***® The Me-
3,2-HOPO moiety is a bidentate, structural analog to the catecholamide group which
binds via hard Lewis basic oxygens and is thus ideal for chelating the strong Lewis-acidic
actinide ions. While short linkers best preserve intramolecular hydrogen bonds typical of
catecholamide ligands,”® structural comparisons of the uranyl complexes against that
with Pr-Me-3,2-HOPO (L'H, Figure 1) illustrated that the butyl-linked ligand 4Li-Me-
3,2-HOPO provided the most favorable geometry for uranyl chelation of the linearly-
linked, tetradentate ligands (nLi-Me-3,2-HOPO, where “n” is the number of carbon
atoms in the linker and “Li” stands for “linear”).’) Of the rigidly-linked ligands
explored, the 3,4-thiophene, 0-phenylene, a,a'-m-xylene, and 1,8-fluorene linkers (Figure
1) showed the most favorable uranyl coordination geometries; the former two contain
very short linkers, while the latter two contain the longest linkers investigated.”> These
results raise the question of whether favorable geometry (optimized in short and long
linker lengths) or intramolecular hydrogen bonding (optimized in short linkers) is most
important in determining uranyl affinity.

Solution phase titrations were carried out with bis-Me-3,2-HOPO ligands to
determine and compare their uranyl affinities. Unfortunately, the bis-Me-3,2-HOPO
ligands previously synthesized are not soluble enough in water to enable such
measurements, prompting the design and synthesis of water-soluble bis-Me-3,2-HOPO
ligands L*H, — L¥H, (Figure 2). These ligands incorporate linkers that are structurally
analogous to previous ligands, but which also contain a methyl-protected
triethyleneglycol moiety to promote water solubility, enabling quantification of their
uranyl affinities.

Results and Discussion

Ligand Design and Synthesis. Water solubility was imparted to the bis-Me-3,2-
HOPO ligands by introduction of the methyl-protected triethyleneglycol moiety (3,6,9-
trioxa-decane) referred to hereon as PEG. This solubilizing group carries no charge in the
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pH range investigated here, and thus does not influence the charge of the resultant ligands
at varying pH. Uranyl affinity for poly-ether coordination is conveniently poor compared
to other neutral Lewis bases, as evidenced by the anhydrous conditions necessary for
synthesizing crown-ether inclusion complexes of the uranyl cation.*”) Thus, coordinative
interference by the PEG group is unlikely in these titration studies.

However, the location of the PEG substitution is of great concern because it can
feasibly affect ligand uranyl affinity in two ways: 1) by inductively influencing the
HOPO ring electronics, thereby affecting proton and uranyl affinity of the ligands, and 2)
by introducing an additional steric influence, resulting in a solution phase structure
significantly different from that seen in prior crystallographic analyses.’> *®! The Me-3,2-
HOPO moiety is inert towards further substitution, relegating PEG substitution to the
linker moieties. Due to the extended electronic conjugation in ligands containing 3,4-
thiophene and o-phenylene linkers (L°H, and LH,), electronic effects on the Me-3,2-
HOPO moiety are unavoidable upon substitution at any position on the linker moiety.
Such inductive influences will be minimal in the ligands containing the linear nLi- and
o,0'-m-xylene backbones (L*H, through L°H, and L*H,) because the methylene linkers
are not conjugated to the Me-3,2-HOPO moieties.

In addition to electronic influences, the potential steric consequences of PEG
substitution become significant when the backbone is either small or contains only non-
ideal positions upon which to introduce the PEG group. Specifically, steric interference
with the amide linkers of the Me-3,2-HOPO moiety is of great concern because
intramolecular hydrogen bonding involving the amide proton is a significant interaction
in HOPO and more generally in catecholamide ligands.*® Of particular concern is
substitution on the 3,4-thiophene linker, which is relegated only to the 2- and 5-positions,
the steric consequence of which is the formation of dimers of the form [UO,L,(solv.)], as
opposed to the mononuclear uranyl species seen with the unsubstituted 3,4-thiophene-bis-
Me-3,2-HOPO ligand.* Because the available substitution positions on the 2Li linker
are adjacent to the linking amides and cannot avoid some influence on the proton and/or
uranyl affinity in L*H,, the PEG moiety was introduced at the same position on the 3Li,
4L1, and 5Li linkers to make affinity comparisons at least internally consistent between
ligands L*H; — L°H..

Substitution on the a,a'-m-xylene backbone in L*H, contains perhaps the most ideal
PEG location of the ligands investigated. Firstly, the PEG moiety is located four carbons
from the linking amide nitrogens, ensuring minimal steric effects, and secondly, the PEG
group 1is electronically isolated from the HOPO moieties due to the presence of the
methylene spacers between the phenyl ring and the HOPO amides. Thus, it is expected
that the behavior of ligand L*H, in solution will most closely resemble that of its
unsubstituted analog compared to the other PEG-bis-Me-3,2-HOPO ligands.

Absent from the backbones illustrated in Figure 2 is the 1,8-fluorene moiety that was
shown to provide a very good geometric match to the uranyl cation coordination
preferences while displaying a degree of ligand pre-organization.”*”! Unfortunately, the
tremendous insolubility imparted on bis-Me-3,2-HOPO ligands by the fluorene backbone
cannot be undone by solubilizing group substitution due to synthetic impracticality and
the natural electrophillic substitution behavior of fluorene and its structural analog
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dibenzofuran; thus a soluble 1,8-diaminofluorene-linked bis-Me-3,2-HOPO ligand was
not pursued.

Structural Consequence of PEG Substitution in L’H,. The geometric and
electronic consequences of PEG substitution on the 3,4-thiophene and o-phenylene
linkers must be addressed due to the extended conjugation possible through the aromatic
linkers. Thioalkyl substitution on the 3,4-thiophene linker in bis-Me-3,2-HOPO ligands is
know to result in sterically-induced [UO,(L)(solv.)], dimer formation,** a behavior that
ligand L*H, will certainly duplicate. In contrast, the PEG groups in L’H; are meta to the
amide nitrogens, and the ligand is thus expected to maintain planarity upon uranyl
chelation, with the resultant conjugation allowing for a potentially increased inductive
influence by the PEG substitution. To investigate the presence/severity of such an effect,
the propoxy-substituted ligand L°H, and its uranyl complex were synthesized (Figure 3).
Crystallographic parameters for this structure are listed in Table 1.

The UO,(L*)(DMSO) crystal structure displays the expected mononuclear speciation
seen with other bis-Me-3,2-HOPO ligands,”> *®! with a pentagonal planar uranyl
coordination geometry provided on four points by (L%)*, and a fifth site occupied by a
DMSO oxygen. Significantly, the propoxy substituents are situated away from the amide
linkers, so it can be assumed that PEG groups in L'H, will not impart significant steric
influence on the resultant uranyl complex. The equatorial U-Ophenot and U—Ogmige bond
lengths are 2.34(1) A and 2.42(2) A, respectively, which are statistically identical to the
similar equatorial U-O bond lengths in the uranyl complex with the unsubstituted o-
phenylene-Me-3,2-HOPO ligand.”* As Figure 3 illustrates, the backbone aryl group is
not co-planar with the HOPO moieties due to a torsion in the linking amide moieties. The
Cring—Namide torsion angles of 156° and 167° presumably relieve a potential close contact
between the amide protons in the metal-chelating form that is observed to a similar extent
in the unsubstituted uranyl complex (torsions of 148° and 157°),°) as well as in the
Eu(IIl) complex with the structurally-similar o-phenylene-1,2-HOPO ligand (torsions of
157°, 159°, and 169°).°”) Thus, while there are slight differences in the co-planarity of
the UO,(L’)(DMSO) crystal structure from its unsubstituted complex (see Supporting
Information), the overall structure is similar to that with its unsubstituted analog.

To assess the potential electronic effect of PEG substitution on the 0-phenylene linker
n L7H2 the '"H NMR resonances of the amide protons in free L9H2 and its uranyl
complex can be compared against those in the unsubtituted 0-phenylene-Me-3,2-HOPO
ligand and its uranyl complex.**! The amide proton chemical shifts of free L’H; are 0.13
ppm upfield of that in 0-phenylene-Me-3,2-HOPO, suggesting some electronic donation
into the aryl linker upon alkoxy substitution. However, these same resonances are only
0.06 ppm upfield of the unsubstituted ligand once coordinated to the uranyl cation. The
similarity in these values suggests that the inductive effects of alkoxy substitution on the
3- and 4-positions of the 0-phenylene linker are minor, especially upon uranyl chelation.
Additionally, the amide chemical shifts in L'H, are 0.01 ppm shifted from L’H,,
indicating a near-identical inductive effect. The crystallographic and NMR comparisons
thus indicate that the PEG substitution in L’H, should have a relatively insignificant
impact on the resultant uranyl complex geometry either through steric or inductive
processes.
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Solution Thermodynamics. In the presence of dissolved metal ion (M) and
protonated ligand (LH,, where L is a ligand with n removable protons), a pH-dependent
metal-ligand complex of general formula MpLH, forms according to the equilibrium
shown in Equation 1. The relative amount of each species in solution is determined by
Equation 2, the rearrangement of which provides the standard formation constant notation
of log Bmin (Equation 3). The log Bmin value describes a cumulative formation constant,
but a stepwise formation constant (log K) can be calculated from log PBmin values using
Equation 4. When addressing protonation constants, the stepwise formation constants are
commonly reported as dissociation constants (—log K, or pKj).

Bonin

Eq. 1: MMY + [LY + B ———= M, L H, "

Eq. 2: [MnLiHn] = Brin([M]"[L]H]")
Eq. 3: log Pmin = log {((MnLHD/((M]"[L][H]")}
Eq. 4: log Ko1n = log{([LHn])/([LHn11[H]D} = log {(Boin/Boin-1)} = 10g Boin — log Poin-1)

Because bis-Me-3,2-HOPO ligands are diprotic and require deprotonation for metal
chelation, their affinity for any metal is necessarily pH dependent (Scheme 1). Although
the most common pH for biological applications is that of blood serum, or pH 7.4, it is
also desirable to investigate the uranyl affinity of bis-Me-3,2-HOPO ligands in acidic and
caustic media, as such conditions are encountered in industrial or storage tank waste
remediation applications.***!

Proton Titrations/Affinity. Protonation constants of ligands L’H, — L®H, were
determined using potentiometric titrations at about 150-200 uM ligand concentration. As
a point of comparison for ligands L*H, — L°H,, the protonation constants for the
previously reported 2Li- and 4Li-Me-3,2-HOPO ligands"®' were also measured, but were
performed spectrophotometrically due to their lower solubility at about 50 um ligand
concentration. A 5% starting DMSO concentration in all protonation titrations was
required for consistency with uranyl titration conditions. Data were analyzed as described
in the Experimental Section and the resultant pK, values are listed in Table 2. The sum of
the pK, values (ZpK,) is also listed, which corresponds to the log Bo;2 formation constant
and is a general measure of ligand acidity, with lower XpK, values indicating a more
acidic ligand.

One trend visible in Table 2 is that linearly-linked ligands with shorter linkers
(smaller n) have lower XpK, values than those with longer linkers. This general trend is
seen in ligands Lsz ~ L’H, (AZpK, = 0.7) as well as between 2Li- and 4Li-Me-3,2-
HOPO (AXpK, = 0.5). A second trend is that substitution of the PEG moiety on the linear
linkers via an amide linker also lowers the XpK, compared to the unsubstituted ligands,
as evidenced by comparing 2Li-Me-3,2-HOPO against L*H, (n = 2) and 4Li-Me-3,2-
HOPO against L*H, (n = 4). This latter trend is primarily caused by a drop in pKi
(ApKai, max = 0.7), but also affects the pKy» values (ApKaz, max = 0.4). The drop in ZpK,
upon PEG substitution (AXpK,/PEG = 1.1) is more significant than that accompanying
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incremental shortening of the linker lengths (average AXpK,/n = 0.23). However, in both
these trends, it can be assumed that the decrease in pK, arises from enhanced stabilization
of the deprotonated phenolate oxygen, since the electronics of the HOPO moiety remain
roughly constant in ligands L*H, — L*H,.

The intramolecular hydrogen bond stabilization of phenolates by ortho amide protons
are well established and is illustrated in Figure 4(a) as it applies to Me-3,2-HOPO
moieties.”! However, the trends observed in Table 2 suggest that additional hydrogen
bond interactions become significant upon shortened linker length (smaller n) or PEG
moiety introduction. The drop in pKa; associated with shortened linker length can be
explained by an increased proximity of the second amide group to the initially
deprotonated phenolate group as shown in Figure 4(b), which applies in both the
unsubstituted and PEG-functionalized nLi-Me-3,2-HOPO ligands. Similarly, the drop in
pKai upon PEG-functionalization is most likely caused by hydrogen bond donation from
the PEG-amide nitrogen, as illustrated in Figure 4(c). This latter stabilization from the
PEG-amide group in ligands L*H, — L>H,, while unintended, can be considered roughly
constant due to the identical location of the PEG-amide group in the linear backbone
linkers. Thus, the electronic and geometric effects of linker length can be considered to
be the prominent trend observed in titrations with PEG-nLi-Me-3,2-HOPO ligands.

The pK, values for ligands L°H, — L*H, cannot be compared against their PEG-free
versions due to the latter’s poor solubility in aqueous media. However, the PEG moiety in
ligands L°H, and L'H, is expected to have some inductive influence on proton affinity,
since in free L6H2 and L7H2 the amide '"H NMR resonances are shifted upfield by 0.29
ppm and 0.08 ppm, respectively, as compared to their unsubstituted analogs.*”! This
inductive influence is obviously much larger in L6H2 than in L7H2, but the steric
consequences of 2,5-disubstitution on the thiophene linker are known to be significant,!*’!
so the inductive effect is presumed to be of minor importance in ligand L*H, upon uranyl
chelation. In contrast, L*H, is expected to experience very little steric or electronic
influences by PEG moiety inclusion, and indeed has a pK, very similar to that of L’H,,
which is also an n = 5 ligand.

Uranyl Titrations/Affinity. The uranyl affinities of ligands L*H, through L*H, were
determined by performing spectrophotometric titrations. The poor solubility of the uranyl
complexes necessitated 5 uM analyte concentrations as well as a 5% starting DMSO
concentration to assist in solvating the neutral uranyl complexes at neutral pH.
Unfortunately, uranyl titrations with ligands 2Li-Me-3,2-HOPO, 4Li-Me-3,2-HOPO, and
L’H, are impossible even at these low concentrations due to slow and reversible
precipitation of a neutral UO,(L)(solv.) species near neutral pH. The bidentate ligand Pr-
Me-3,2-HOPO was found to be sufficiently soluble for spectrophotometric titrations at
these concentrations. Metal-to-ligand ratios used in the titrations were those observed in
the crystal structures of the uranyl complexes with unsubstituted Me-3,2-HOPO ligands,
namely 1:1 for bis-Me-3,2-HOPO ligands and 1:2 for Pr-Me-3,2-HOPO. Three
independent titrations were measured between pH 2.4 and 11.0 except where reversibility
analysis indicated a point in the titrations beyond which the complexes underwent an
irreversible chemical change. Because the uranyl complexes routinely form below pH 4,
two strong acid titrations (pH 3.0 to 1.6) were carried out for each ligand.
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The uranyl titration spectra with PEG-substituted bis-Me-3,2-HOPO ligands
generally exhibited similar absorption spectra in the range of 250-400 nm, with a large
absorption maximum in the 330-350 nm range, and often with a subtle shoulder at longer
wavelengths. These absorption features closely resemble those of the free ligands, and are
thus attributed to © — n* transitions. Titrations with L°H, exhibited the most unusual
spectrum investigated, with a broad absorption feature in the 275-300 nm range, at which
the other bis-Me-3,2-HOPO ligands display absorption minima. Independent of
absorption features, however, absorption maxima with all ligands red shift upon
increasing pH, corresponding to deprotonation/metallation of the ligand. Although the
uranyl complexes with bis-Me-3,2-HOPO ligands are red or orange in the solid state and
in concentrated solution, no significant absorption transition was observed in
wavelengths above 400 nm at 5 uM concentrations.

Most uranyl titrations were reversible through the highest pH ranges of the titrations
(typically pH 11.0-11.4), indicating that no unforeseen chemical changes occur in the
metal-ligand complex in solution (Figure 5). In contrast, titrations with fully-conjugated
ligands L°H, and L"H, exhibited poor reversibility when titrations were taken to pH 11.0
(Figure 5). It was found that running the titrations only up to pH 8.5 and 9.0, respectively,
restored reversibility in the uranyl titrations. The cause of this irreversibility is unknown,
but corresponds roughly to additional deprotonation of or continued hydroxide
introduction to the [UO,(L)(OH)]” complex to form a [UOy(L)H »]*" species (where H_;
represents hydroxide coordination or incremental complex deprotonation). To maintain
consistency across the various bis-Me-3,2-HOPO ligands, titration data were truncated
before the onset of the [UOy(L)H]* species. For most ligands, this data truncation
occurred at about pH 9.0. Complete titration figures are provided in the Supporting
Information.

Uranyl titrations with all Me-3,2-HOPO ligands displayed a rapid increase in
intensity between pH 2 and pH 4, indicating deprotonation of the ligand and
complexation of the uranyl cation. For tetradentate ligands (with the exception of L°Hy),
this result was refined as the formation of a UO,L(solv.) complex. This assumption
requires the simultaneous deprotonation of both Me-3,2-HOPO moieties, but is
reasonable considering the similarity between pK,; and pKa, of these ligands and because
uranyl chelation will drive deprotonation of a chelating ligand at lower pH."** The UV-
visible spectra shifted again around neutral pH, which was refined as the formation of a
[UO,L(OH)] species (Scheme 2). This partial hydrolysis occurs near neutral pH because
the fifth equatorial coordination position on the uranyl is known to be occupied by
solvent in bis-Me-3,2-HOPO complexes,”> ** and thus hydroxide coordination does not
necessitate ligand displacement. A similar partial hydrolysis event is observed in the
uranyl complex with the potentially hexadentate desferrioxamine B (DFO), in which a
[UOL(DFO)(OH)]” complex was observed to form at neutral pH.!*"!

Because  2,5-disubstituted thiophene-Me-3,2-HOPO  ligands form  dimeric
[UOy(L)(solv.)]> complexes,[34] such dimeric species were required in the refinement of
titration data with L®H,. Refinement of the strong acid titration data was attempted two
ways, assuming either that a mononuclear species [UOy(L®)Hpq]"" forms before a
[UO,(L®)(solv.)], dimer, or that the dimer forms in a concerted fashion, but only the latter
strategy led to stable data refinement. This behavior suggests that the substitution on the
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thiophene ligand inhibits mononuclear complex formation even at the low concentrations
used, which prior crystallographic studies led us to expect.** Because both uranyl
cations in the solid state [UO»(L)(solv.)], dimer crystal structure displayed pentagonal
planar coordination with one site occupied by solvent, the titration data were refined such
that the [UO,(L®)(solv.)], dimer experiences two partial hydrolysis events, forming first a
{[UO(L®)(solv.)][UOL(L®)(OH)]}~ species, followed by a {{UOL(L®(OH)],}*" species
(Scheme 3). The onset of titration irreversibility at pH 8.0 coincides with hydrolysis
beyond the {[UO,(L®)(OH)],}* species and is consistent with the onset of irreversibility
in the uranyl titrations with L'H, which was observed upon hydrolysis/deprotonation
beyond the formation of the [UO,(L”)(OH)]™ species.

The speciation of uranyl complexes with bidentate L'H in solution are necessarily
very different from those with L*H, — L¥H,. Because L'H has only one proton, L' binds
the uranyl cation at very low pH to first form a [UO,(L")(solv.),]"” complex which is the
major species until pH 5.5, when the UO»(L')5(solv.) complex observed in crystal
structure analysis®®® becomes the dominant species. This complex first undergoes the
expected partial hydrolysis to form [UO(L'),(OH)]’, then experiences one more
hydrolysis below pH 10. This last hydrolysis product could be refined as either a
[UOy(LYH 5] or [UOK(L")H ,]* species, with near negligible changes in the other
formation constants. The former corresponds to displacement of one ligand upon
coordination of a second hydroxide, while the latter corresponds to either deprotonation
of a coordinated ligand or the introduction of hydroxide to the uranyl coordination plane
without ligand displacement. The lack of acidic protons on coordinated Me-3,2-HOPO
moieties rules out the possibility of additional deprotonation. However, the coordination
of additional hydroxide would crowd the uranyl coordination plane, and the low
concentrations and 1:2 UOyL'H ratios used in the titrations suggest that ligand
displacement to form a [UO,(L")(OH),]  species at high pH is the more likely speciation
in these titrations (Scheme 4).

Titration data analysis using the speciation models described above yielded the
formation constants listed in Table 3. Because log Bmin values are species dependent, with
each ligand displaying different pK, values and uranyl complexation behavior, a species-
independent method is needed to compare uranyl affinities. A metric frequently used for
this purpose is that of pM (for this study pUO,) where pUO, = —log[UO" fcc], and
“U0,""free” refers to solvated uranyl ion free of complexation by ligand or hydroxide.
Using this metric, higher pUQO, values correspond to a lower concentration of
uncomplexed uranyl in solution. pUO, is calculated using standard conditions of [UO,*"]
=10°M and [L] = 10° M (L:UO,*" = 10), and thus the minimum pUO, value is 6.0, at
which no metal complexation occurs. While typically reported at physiological pH, pUO;
can be calculated at any pH once proton and uranyl affinities are known; pUO, values at
pH 2.5, 7.4 and 8.5 are listed for each Me-3,2-HOPO ligand in Table 4.

The pUO; values in Table 4 reveal that the uranyl affinity of bis-HOPO ligands does
indeed vary with changes in ligand geometry. However, the affinities do not follow
gradual trends of the sort observecd in Table 2, where linker length and degree of
conjugation affected ligand proton affinity in an incremental fashion. In contrast, small
changes in linker length and geometry resulted in large changes in pUO,, with no
noticeable correlation with the physical metrics gleaned from crystal structure
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analysis.”>) Common to all ligands, however, is a dramatic rise in pUO, (about 7 log
units) between pH 2.5 and pH 7.4. It is not possible to credit this pUO, increase entirely
to a rise in ligand affinity, because concentrations of uranyl hydrolysis products
[(UOz)m(OH)n]Qm*n)+ increase upon increased pH, lowering [U022+free] independent of
ligand identity or efficacy. However, because Me-3,2-HOPO ligands require
deprotonation for metal chelation, it is reasonable to suspect that the majority of this rise
in pUO; comes from a change in ligand affinity upon complete deprotonation at higher
pH. This assumption is also supported by the UV-visible titration spectra, which exhibit
significant shifts in Amax and absorption intensity upon increasing pH from 2.5 to 7.4,
suggesting increased ligand chelation of the uranyl cation.

Focusing on ligands L’*H, — L°H,, there is no trend in uranyl affinity upon
incremental increase in linker length at any pH. Because ligand pK, decreases as linker
length shortens, L*H, would be expected to bind most strongly to the uranyl cation.
However, L*H, displays the second highest affinity, with L*H, displaying the strongest
uranyl affinity at both low and high pH. L*H, has a higher £pK, than both L*H, and
L*H,, so the observed uranyl affinity must be due to geometry effects. This high affinity
is consistent with the relatively relaxed geometry observed in the UO,(4Li-Me-3,2-
HOPO)(DMSO) crystal structure as well as with the superior ability for 4Li-Me-3,2-
HOPO to chelate actinides in vivo.*"

Of the rigidly-linked ligands L°H, — L*H,, L°H; is the most acidic, and yet displays
the poorest uranyl affinity at all pH. This may be due to the inability to form monomeric
uranyl complexes. The low pUO, of L°H; at higher pH is presumed to be a geometric
effect caused by the amide rotation necessitated by substitution at the 2- and 5-positoins
of the thiophene ring.”* Unfortunately, such distortions are unavoidable in solubilized
3,4-thiophene-Me-3,2-HOPO ligands, and whether similar uranyl affinities would be
observed in geometrically similar, less sterically-congested, N-substituted 3,4-pyrrole-
Me-3,2-HOPO ligands remains a question for future study.

Ligand L’H, shows the most favorable pUO, of the rigidly-linked ligands,
approaching that of L*H,. Because minor pK, changes are apparently not a significant
factor in determining uranyl affinity in bis-Me-3,2-HOPO ligands, this affinity is
presumably due to a favorable geometric agreement between the ligand and the uranyl
coordination preferences. The pUO, of L’Hj, is also higher than that of L*H; (both n = 2),
indicating that ligand rigidity and appropriate preorganization favor high uranyl affinity,
as expected. In contrast, the pUO, of L¥H, is significantly lower, despite the favorable
conformational parameters observed in crystal structures of the unsubstituted UO,(m-xy-
Me-3,2-HOPO)(DMEF) structure.”

The high pUO, of L'H, which rivals that of L*H, at pH 2.5 and L*H, at high pH, can
be understood by considering that uranyl chelation by L'H at low pH requires a single
deprotonation event, while chelation of bis-Me-3,2-HOPO ligands requires two, making
(L") coordination relatively favorable at low pH. At high pH, the speciation model with
L'H also reveals that the relatively high affinity is accompanied by ligand displacement
in favor of hydroxide ion. Thus, although L"H exhibits a high pUO,, the individual Pr-
Me-3,2-HOPO ligands display significantly less affinity towards the uranyl cation than
the bis-Me-3,2-HOPO ligands, as the chelate effect would lead one to expect.
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Conclusions

Seven PEG-substituted bis-Me-3,2-HOPO ligands were synthesized as water-soluble,
structural analogs to ligands subjected to prior crystallographic analysis.”> ** Solution
thermodynamic measurements demonstrated that linker length and geometry have a
measurable effect on the proton affinity of bis-Me-3,2-HOPO ligands, but that uranyl
affinity of these ligands does not correlate with trends in proton affinity. Significantly,
the PEG-4Li-Me-3,2-HOPO ligand L*H, bound most strongly to the uranyl cation, which
supports earlier observations from in vivo chelation studies and crystallographic
studies.”> ** The o-phenylene linker in L'H, imparted the second highest uranyl affinity,
rivaling that of L*H,, and had a higher affinity than the similarly-sized L*H,. Because
these results are generally independent of ligand acidity, it can be concluded that ligand
geometry imparted by the linker structure (and perhaps ligand preorganization in the case
of L'Hy) is responsible for the observed uranyl affinities.

One aspect the uranyl titrations and the resultant pUO, values described above do not
address is the matter of selectivity. In most applications associated with biological
removal of actinides, high binding constants are necessary, but high selectivity is also
desirable if an administered drug is to be effective. Such selectivity is also necessary in
industrial extraction processes, so further evaluation of bis-Me-3,2-HOPO ligands will
require titration measurements against biologically relevant ions such as Ca®" and Zn*",
as well as other actinides.

Experimental Section

Titration Solutions and Equipment. Corning high performance combination glass
electrodes (response to [H'] was calibrated before each titration*) were used together
with either an Accumet pH meter or a Metrohm Titrino to measure the pH of the
experimental solutions. Metrohm autoburets (Dosimat or Titrino) were used for
incremental additions of acid or base standard solution to the titration cell. The titration
instruments were fully automated and controlled using LabVIEW software.[*® Titrations
were performed in 0.1 M KCI supporting electrolyte under positive Ar gas pressure. The
temperature of the experimental solution was maintained at 25 °C by an externally
circulating water bath. UV-visible spectra for incremental titrations were recorded on a
Hewlett-Packard 8452a spectrophotometer (diode array). Solid reagents were weighed on
a Metrohm analytical balance accurate to 0.01 mg. All titration solutions were prepared
using distilled water that was purified by passing through a Millipore Milli-Q reverse
osmosis cartridge system and degassed by boiling for 1 h while being purged under Ar.
Carbonate-free 0.1 M KOH was prepared from Baker Dilut-It concentrate and was
standardized by titrating against potassium hydrogen phthalate using phenolphthalein as
an indicator. Solutions of 0.1 M HCI] were similarly prepared and were standardized by
titrating against sodium tetraborate decahydrate to Methyl Red endpoint. Ligand stock
solutions were made by dissolving a weighed amount of ligand accurate to 0.01 mg in
DMSO in a volumetric flask. These stock solutions were frozen when not in use to
prevent ligand decomposition. A stock uranyl solution in 1.2 wt% nitric acid was
purchased from Aldrich (4.22 mM) and used as received. UO;:L ratios were controlled by
careful addition of uranyl and ligand solutions to the titration vessel.
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Spectrophotometric and Potentiometric Titrations: All titrations were performed
with about 5% starting concentration of DMSO added to the KCI solution to promote the
solvation of protonated ligands and their neutral uranyl complexes. Spectrophotometric
titrations were carried out in the presence of 10-20 equivalents (as compared to ligand
concentration) of NH4Cl, MES, and HEPES buffers in order to dampen the pH change
between incremental additions of titrant. Each addition of acid or base was followed by
an equilibration period before pH and absorbance data were collected. For potentiometric
titrations this delay was 300 seconds and for spectrophotometric titrations was 600
seconds for free ligand and 600-1200 seconds for titrations in the presence of UO,*".
Spectra were recorded between 250-550 nm. The UV-silent region above 420 nm was
monitored for baseline drift as an indication of precipitated material.

Potentiometric titrations were carried out at 150-200 pM ligand concentrations.
Spectrophotometric titrations for protonation constants of 2Li-Me-3,2-HOPO and 4Li-
Me-3,2-HOPO were carried out at about 50 uM ligand concentrations using a titration cell
with a 1 cm path length quartz cuvette attached. Spectrophotometric titrations for uranyl
affinity were performed at about 6 uM complex concentration using a 6.6 cm path length
quartz-windowed titration cell. All mid-pH titrations were repeated a minimum of three
times and were run forwards and backwards (from acid to base and reverse) within limits
set by the reversibility of the titration.

Spectrophotometric uranyl titrations of L*H, — LPH, were performed at
approximately 5 uM concentrations using a 6.6 cm path length quartz-windowed titration
cell with a 5% starting DMSO concentration necessary for complete salvation of neutral
uranyl species near neutral pH. Three independent titrations, each consisting of a forward
(acid to base) and reverse (base to acid) titration, were measured between pH 2.4 and
11.0 except where reversibility analysis indicated a point in the titrations beyond which
the complexes underwent an irreversible chemical change. Low pH titrations were
performed from pH 3 down to pH 1.6, and electrodes were calibrated as described in a
previous publication.*”

Titration Data Treatment: Potentiometric data were analyzed using Hyperquad[48’
1 software. The data from at least three independent titrations, each consisting of one
forward (pH 3 to pH 10) and one reverse (pH 10 to pH 3) titration were analyzed
separately. These analyses resulted in similar values, so were refined together to provide
better fit statistics. Spectrophotometric titration data were analyzed using the program
pHab.P% Data from three independent titrations consisting of one forward and one
reverse titration were analyzed separately, with the forward and backward runs refined
separately. Both analysis programs utilized nonlinear least squares regression to
determine formation constants.

Values for the hydrolysis product of the uranyl cation were taken from a recent
literature publication.”") Wavelengths between 250-400 nm were typically used for data
refinement of spectrophotometric titrations. The number of absorbing species to be
refined upon was determined by factor analysis within the pHab program suite.””
Reversibility of spectrophotometric titrations was determined by comparison of the
species- and concentration-independent value A*v (absorbance*volume) at selected
wavelengths for the forward and reverse titrations. Speciation diagrams were generated
using HYSS20°% 3 titration simulation software and the protonation and metal complex
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formation constants were determined by potentiometric and spectrophotometric titration
experiments.
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Scheme and Figure Legends:

Figure 1. Mono- and bis-bidentate Me-3,2-HOPO ligands previously studied.?**¢!
Figure 2. Water-soluble bis-Me-3,2-HOPO ligands.

Figure 3. Ligand L°H, and two views of the crystal structure of its uranyl complex
UO,(L?)(DMSO). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms and non-coordinating solvent are omitted for clarity. Oxygen atoms are red,
carbons gray, nitrogens blue, sulfur yellow, and uranium silver.

Figure 4. Intramolecular stabilization of deprotonated Me-3,2-HOPO ligands.

Figure 5. Representative reversibilities of uranyl titrations with bis-Me-3,2-HOPO
ligands through pH 11: L*H,, (left, reversible) and L°*H,, (right, irreversible).

Scheme 1. Intramolecular hydrogen bonding in bis-Me-3,2-HOPO ligands upon
deprotonation/metalation.

Scheme 2. Formation of a [UO,L(OH)] species. Uranyl oxo atoms are omitted for
clarity.

Scheme 3. Proposed speciation of uranyl titrations with L°H,. Uranyl oxo atoms are
omitted for clarity.

Scheme 4. Proposed speciation of uranyl titrations with L'H,. Uranyl oxo atoms are
omitted for clarity.

Table 1. Crystallographic parameters for UO,(L°)(DMSO).

Formula C,3H34N4O,,SU-Y4H,0 Cryst. size [mm’] 0.35 x0.10 x 0.05
MW 877.19 T K] 115(2)
Crystal system Orthorhombic VA 8
Space group Pbca Peatea [grem™] 1.923

Habit Plate Hpatea [Mm™] 5.494
Color Red Oumins Omaxs [°] 3.29,26.36
a [A] 13.451(2) Total reflections 27837

b [A] 15.839(2) Data/ restr./ param. 5978 /0/410
c [A] 28.445(4) F(000) 3428

a [°] 90 T min/ Tmax 0.324
B 90 R1[>26(1)]™ 0.0304
71l 90 wR2(all data)®! 0.0738
VA% 6060.3(16) GOF" 1.040

BIR1 = S||F,| - [F|/Z[F.; wR2 = [E[W(F,” — F")"VE[W(F,")"1]"*; GOF = [XwW([F,| — [F[)*/(n — m)]"*
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Table 2. pK, values of bis-Me-3,2-HOPO ligands.

Ligand n? pKa pKaz YpK,
L'H - 6.12% - -
2Li-Me-3,2-HOPO 2 5.82(3) 6.68(3) 12.50(4)
4Li-Me-3,2-HOPO 4 6.01(1) 7.02(4) 13.03(4)
L’H, 2 5.10(6) 6.45(1) 11.55(6)
L*H, 3 5.37(2) 6.72(2) 12.09(3)
L‘H, 4 5.25(4) 6.60(3) 11.85(5)
L°H, 5 5.52(7) 6.75(2) 12.27(7)
L°H, 2 4.91(8) 6.22(1) 11.13(8)
L’H, 2 5.09(3) 6.29(1) 11.38(3)
L*H, 5 5.70(6) 6.75(2) 12.45(6)

[ n = number of carbon atoms between amide nitrogens.

Table 3. Log Bmin values for uranyl titrations with Me-3,2-HOPO ligands.

Ligand log Bii2  logPiy  logPrue  logPiay  logPrag  logPry  logPry  log Pay
L™ -2.50(6) O 10.64(3) 11.48(4) 17.91(2) O O O
L’H, 0 6.30(8)  12.5(1) 0 0 O O O
L’H, O 5.86(6)  12.6(1) O O O O O
L*H, O 6.97(6)  13.9(1) O O O O O
L°H, O 5.64(4)  13.42(7) O 0 O O O
L°H,™ O O O O O 15.74(5)  22.47(8)  28.1(1)
L'H, 0 6.6(1)  13.04(1) 0 0 O O O
L3H,™ O 538(5)  12.89(1) O O O O O

2] In addition to low pH data (pH 3 to pH 1.6), only forward (acid to base) titration data was used due to observed
irreversibility

Table 4. Calculated pUO, values for Me-3,2-HOPO ligands.

. Uo,"

Ligand pH 2.5 5H 7.4 pH 8.5
L'H 7.98(3) 14.70(4) 15.96(3)
L’H, 7.0(1) 14.63(8) 15.75(8)
L*H, 6.6(1) 14.24(7) 15.34(6)
L*H, 8.0(1) 15.39(7) 16.43(9)
L°H, 7.1(1) 14.44(6) 15.16(4)
L°H, 6.01(1) 13.39(3) 14.48(2)
L'H, 7.62(4) 14.97(9) 16.1(1)
L*H, 6.55(6) 14.00(3) 14.87(5)

BipUO, = 10g[UO,™ freel, [UO,” 1= 1 pm, [L] = 10 pum

TOC Text:

Catch Phrase: Bis-Me-3,2-HOPO Uranyl Affinity

Text: Seven water-soluble, tetradentate, bis-Me-3,2-HOPO ligands were synthesized and
their affinity for the uranyl cation determined by solution phase titrations. The butyl-
linked ligand exhibits the greatest uranyl affinity at all pH, with the rigid o-phenylene-
linked ligand displaying the next highest affinity of the ligands investigated. No
discernable trends in uranyl affinity could be identified in relation to linker length or
geometry.
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